Abstract-Distributed secondary control plays an important role in dc microgrids, since it ensures system control objectives, which are power sharing and dc-bus voltage stability. Previous studies have suggested using a control architecture that utilizes a parallel secondary bus voltage and current sharing compensation. However, the parallel controllers have a mutual impact on each other, which degrades the transient performance of the system. This paper reports on an alternative distributed secondary control architecture and controller design process, based on small-signal analysis to alleviate the mutual effect of the current sharing and bus voltage compensation, and to improve the transient response of the system. Experimental results confirm the improved transient performance in the current sharing control and dc-bus voltage stability utilizing the proposed control architecture.
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I. INTRODUCTION

I
N RECENT years, the development of power electronics technology has made dc microgrid architectures and control a promising area for researchers. DC microgrids possess competitive control advantages over ac microgrids, including low transmission loss and simple control algorithms because there is no reactive power flow, frequency regulation, and synchronization [1] - [3] .
In dc microgrids, the traditional control methodology is voltage droop control. Different types of droop control are found in the literature [4] - [6] . Droop control is widely used to maintain the proportional current sharing between distributed resources by reducing their output voltage, following a predefined droop characteristic. Thus, the enhancement of droop control in the current sharing attenuates the dc-bus voltage stability [7] - [14] . An increment in droop parameters, for instance, results in increased accuracy of the current sharing, but an increased bus voltage drop. Comparatively, a reduction in droop parameters results in a decreased bus voltage drop, but inaccuracy in current sharing. Consequently, advanced methods based on the secondary control architecture [7] , [13] , [15] - [18] , have been introduced for improving the system's performance. Ordinarily, the control structure is the combination of nonproportional current sharing compensation and deviated bus voltage compensation, which both generate the change in one input voltage reference of each power electronic converter. This scheme suggests accurate current sharing and bus voltage stability. However, it has a drawback of having a conflicting interest between the two control inputs for voltage and current compensation. The two control inputs have a mutual impact on each other in the system in order to achieve their own objective. Specifically, the adjusted voltage causes an unexpected transient in the current sharing and similarly in the bus voltage, which degrades the performance of the transient response of the current sharing and the dc-bus voltage restoration. Therefore, a cascade control structure, which employs power sharing control as an inner loop and employs bus voltage control as an outer loop, is proposed to alleviate the aforementioned mutual control effect.
In addition to proposing the cascade control structure, system modeling to support control design is implemented in this paper. Literature review indicates that the process from system modeling to controller design, based on the stability criteria, has yet to be fully developed. Models for dc microgrids, for example, have been developed for stability analysis utilizing root locus in [19] - [21] ; nevertheless, they mainly focus on stability analysis for the existing droop control and controller parameters instead of defining the secondary controller parameters based on the stability criteria. Hence, a model, which reflects the relationship between the input and output of the system to enhance the control system design and instantiation, is of fundamental importance. This paper addresses the control design subsequent to the modeling requirement.
Along with the improvement of the droop control, control architectures for microgrids are gaining a lot of attention. Centralized control architectures have been proposed in [22] - [26] . This type of architecture proposes synchronous information and central control. Consequently, due to the large and complex nature of microgrids, including dc distribution, distributed variable load structure, and power components, the centralized technique becomes impractical because of the possible need for real-time optimizations, dynamical changes of the system under plug and play operation, and reliable information exchange [27] . Therefore, a distributed power management system is required to ensure plug and play operation and to achieve common objectives of the systems, such as current sharing and bus voltage stability [28] - [32] . In this paper, a distributed power management control architecture is introduced to employ the proposed cascade control scheme, which fulfills the system's objectives. This paper is organized as follows. Section II introduces a generalized distributed power and energy management architecture for a dc microgrid system, where the energy and power control tasks are classified hierarchically. The dc microgrid small-signal model for two distributed power generations (DG) with power electronic converters is analyzed and formulated in Section III. The derived model leads to an alternative cascade distributed secondary control architecture, in which the power control is the inner loop, and the bus voltage control is the outer loop. Section IV presents a formal guideline for power and voltage control design in frequency domain using Bode plots. Section V details an experimental setup, in which the proposed control method is implemented and quantitatively compared against previous methods. Section VI summarizes the contributions of this paper.
II. ARCHITECTURE OF DISTRIBUTED POWER MANAGEMENT
As mentioned, a distributed architecture, which employs the distributed control scheme, is essential in the coordination of DG to maintain the operation of dc microgrids under various scenarios. Located in the distributed architecture are the distributed controllers, which implement a control scheme to ensure that the system is properly regulated. The distributed architecture and conventional management scheme will be discussed in the following sections:
A. Distributed Architecture A control architecture that ensures the coordination of DG in microgrids can be found in a centralized manner [18] . Similar to the approach, but possessing a control and management flexibility, this paper proposes a distributed control architecture for a notional dc microgrid. The dc microgrid candidate presented in this paper includes: 1) two ac/dc rectifiers acting as dc power sources (DG 1 and DG 2 ); 2) a distributed ac load (DL 1 ) with an internal dc/ac inverter; and, finally, 3) a distributed dc load (DL 2 ) with an internal dc/dc converter. The dc microgrid with distributed control and management architecture is shown in Fig. 1 .
In the distributed hierarchical architecture, a hierarchical controller is defined by three layers. Thus, each DG or load has three hierarchical controllers: a local controller, a power management controller, and an energy management controller. The distributed controllers in this architecture, called P-managers, are developed based on multiagent technology [33] - [36] . The distributed power management control consequently is the distributed secondary control. The input to the P-managers is received from the energy management systems, appropriately called as E-manager. The E-managers determine the amount of energy supplied by each DG by means of generating the power command ΔP * i (i = 1, 2) to the P-manager (i.e., power agent) of the DG. The power command ΔP * i is the result of the energy management scheme applied in E-managers to achieve the system objective. Energy management schemes can be the optimization of the operational cost for renewable energy systems involving energy storage devices [37] , [38] , or fuel consumption minimization for operation of generators in ship power systems [39] . Since this paper focuses on the power management, the distributed energy management scheme is not further discussed. Although the energy management scheme is not further discussed, to generate such a power command to the power manager i, a simple power reference calculation is selected based on the nominal power of the converters as
where the weight parameter w i is selected as
where P ir is the rated power of DG i . In the distributed power management level, the P-managers, which are the focus of this paper, need to regulate the power and dc-bus voltage simultaneously. The input of one P-manager i in Fig. 1 is the power reference ΔP * i from the E-manager i; bus voltage deviation ΔV gi and supplying power ΔP i received from its local controller; and bus voltage deviation ΔV g and power information ΔP j , (j = i) received from neighbors through a communication channel. The tasks of the P-manager are to follow the power command ΔP * i from the E-manager, and to minimize the dc-bus voltage deviation ΔV g . The outputs of the P-manager are the voltage command ΔV * i sent to the local controller of the power electronic converter to perform the voltage and current regulation for the desired terminal voltage of the converter, which adjusts the power sharing and achieves the desired bus voltage stability.
B. Conventional Power Management Scheme
To proper regulate the power sharing among DG and stabilize the dc-bus voltage, a power management control scheme is required. The conventional power management control (secondary control) for a converter i (CON V i ) shown in as follows [7] :
where V * i is a fixed voltage reference of the converter, I i is the current sharing, R di is the virtual impedance, and δ Vi and δ Ii are the outputs of the secondary voltage and current controllers, respectively. The virtual impedance R di is applied as the droop in the primary control. The secondary voltage and current controllers generate the voltage reference changes δ V , and δ I in order to have the desired terminal voltage of the converter connecting to the dc bus.
This control methodology in utilizing distributed P-manager utilizes additional outer bus voltage and current controllers P I V and P I I . Indeed, the presence of two control inputs δ V and δ I , which are the outputs of the voltage controller and the current controllers, has coupling effect on each other, and thus restricts the transient performance of the system. As a result, during the transient, the enhanced performance in the bus voltage restoration degrades the performance in the current sharing and vice versa. Hence, a necessary alternative distributed power management structure, based on small-signal analysis that alleviates the conflict between the voltage and current compensation, is analyzed and proposed in the next section.
III. DC MICROGRID MODELING
To have a proper control design procedure to dc microgrids, modeling of these systems is required. DC microgrids modeling involves understanding the behavior of the system under critical disturbances, including input voltage variation and/or load change. As a result, a small-signal model for a dc microgrid candidate is introduced for control design in this section.
A. Small-Signal Model
Consider a voltage source V connecting to a dc bus, the relationship of the converter in a microgrid can be seen as a voltage source interfacing with a constant voltage load V g ; see 
where R and L are the cable resistance and inductance, respectively. Consider a variation in converter output voltage ΔV . This results in a change in the power ΔP generated to the dc microgrid as shown in (5) . Thus, the transfer function (6) derived from (5) represents the relationship of the change of the output voltage to the change of the output power
The previous assumption of one converter connected to a constant voltage load is not adequate since microgrids are multiterminal-connected systems, coupling voltage and current. Thus, to formulate the power coupling, consider a system consisting of two converters V 1 and V 2 supplying power to a generic load with impedance Z as seen in Fig. 4 . R 1 , R 2 and L 1 , L 2 are the cable resistances and inductances, respectively. Applying the Laplace transform to Kirchhoff's law for the aforementioned circuit, one obtains
where Z(s) is the load impedance. Development of a smallsignal model, which supports the control system design, requires the utilization of differentials for voltage ΔV 1 , ΔV 2 and load disturbance ΔZ, and their influence in the system including the bus voltage change ΔV g , and power sharing ΔP 1 , ΔP 2 . Thus, two assumptions are made for these parameter variations in the system (7). Assumption 1: Small variations of the converter's output voltages ΔV 1 , ΔV 2 occur while maintaining the load variation (ΔZ = 0).
Assumption 2: Small variations in the load ΔZ occur while maintaining the converter's output voltages (ΔV 1 = ΔV 2 = 0).
Assumption 1 results in the change of the bus voltage ΔV g . Substituting the changes into (7) yields
Based on (7) and (8), the voltage change ΔV g in the dc bus depends on ΔV 1 and ΔV 2 via the relationship in
Assumption 2 results in the change of bus voltage ΔV g . Substituting the changes into (7) yields
Based on (7) and (10) and multiplying by nominal grid voltage V gn , (11) is derived as
It can be seen that the right side of (11) approximately represents the power change in the load ΔP :
Therefore, the bus voltage drop is given by
As seen, there are two factors contributing to the bus voltage variation, which are the change in converter's output voltage and the change in the load. Therefore, in this linear analysis, the superposition principle is utilized to determine the total bus voltage variation ΔV g by combining voltage change caused by the change in converter's output voltage in (9) ΔV g = ΔV g 1 and voltage change caused by load change in (13) ΔV g = ΔV g 2 . Thus, the bus voltage drop ΔV g is expressed as follows:
The variations in power exchange between converters and loads are shown as follows:
It is noted that the derived small-signal models, which are the relationship between the bus voltage drop ΔV g and the power output of the converters ΔP , and the relationship between the power sharing ΔP 1 , ΔP 2 and output voltages of the converters ΔV 1 , ΔV 2 , will subsequently be utilized for the proposed control system design. The derived small-signal model for the dc microgrid based on the bus voltage drop ΔV g and power exchange ΔP 1 and ΔP 2 is graphically illustrated via the block diagram with the transfer functions as shown in Fig. 5 , where ΔV * 1 and ΔV * 2 are changes in voltage references and G V 1 (s) and G V 2 (s) are the voltage transfer functions for converter 1 (CON V 1 ) and converter 2 (CON V 2 ), respectively.
B. Proposed Distributed Power Management
The relationship in (14) between the bus voltage drop ΔV g and load change ΔP indicates that the generated power by the converters is taken into account for the dc-bus voltage restoration. In addition, the relationship in (15) shows that the converter output voltage is the input for the power sharing regulation. As such, the power management diagram in the hierarchical distributed scheme with communication for the microgrid is proposed as shown in Fig. 6 . In this scheme, the local controllers regulate the converter current and voltage control. There is no droop control in the primary control level.
The distributed P-manager, after receiving the power command from E-manager, regulates power sharing and bus voltage in the microgrid. The P-manager is the cascade control of the inner power control loop and the outer dc-bus voltage loop. 
where ΔP i is the power feedback from the sending end of converter i, ΔP * Vi is the power reference generated by the bus voltage controller, and w i is the weight parameter selected by (2) and it is implemented in the distributed E-manager i. The output of each of the power PI controllers is the reference voltages ΔV * i (i = 1, 2) for local control of each converter.
IV. MANAGEMENT CONTROLLER DESIGN GUIDELINES
A. Power Controller
The open-loop small-signal relationships between the input voltage and output power of each converter derived from the block diagram in Fig. 6 are defined as follows:
where G vi (i = 1, 2) is the voltage-loop transfer function of the converter i. Deriving the system-level models for microgrids, fast dynamics of power converters with multiple order in the transfer function G vi are neglected. Consequently, G vi can be considered as a delay, which is equivalent to the following reduced first-order model:
where τ i represents the time delay of the voltage control loop.
To regulate the power flowing from converter i to the dc bus, a PI controller is utilized; see 
B. Bus Voltage Controller
Based on the input and output relationships between signals in Fig. 6 , small-signal models derived from the block diagram for the bus voltage control between the input power reference ΔP * Vi and output bus voltage ΔV g of each converter are
where ΔP * V 1 and ΔP * V 2 are the power changes, resulting in the bus voltage deviation ΔV g ; G vi (s) is the closed-loop transfer function of the local voltage control loop of CON V i (18) ; K pP and K iP are the power PI controller parameters; and Z 1 and Z 2 are the cable impedances. The control diagram for converter i of with PI controller is shown in Fig. 8 . Similar to the power control design in the previous part, based on the small-signal relationship between the power reference ΔP * Vi and the bus voltage deviation ΔV g , an analysis in the frequency domain utilizing Bode plot is implemented based on the phase margin and crossover frequency design criteria of the bus voltage restoration control system. Details about the design procedure for a study case are explained in Section V.
V. CASE STUDY
To compare and validate the effectiveness of the proposed control algorithm with control design procedure, an experimental system that represents a dc microgrid is set up. Then, the power management controllers are designed. Next, the control parameters are then tested to verify the transient performance of the proposed algorithm. Subsequently, to compare and contrast the proposed control against the conventional control, the conventional control is implemented using the same parameters and operating conditions, where the voltage controller's gains are varied within a range of applicable values. The purpose of the experimental study is to verify that there is a mutual effect between the current and voltage controllers in the conventional scheme, which is mitigated in the proposed controller.
A. System Description
The system illustrated in Fig. 9 is a 400 V dc microgrid, which includes two neutral point clamped (NPC) converters that are controlled in order to share the power proportional to their rated power (P NPC1 : P NPC2 = 2 : 1). The two NPC converters are powered by two ac transformers, which connect to the same ac source in the laboratory. In detail, 4 kW is assumed rated power for NP C 1 , and 2 kW is assumed rated power for NP C 2 . The distributed loads connected to the dc bus are 4 kW (NHR9200) and 2 kW (BK Precision dc load), respectively. The communication between two DSPs, TMS28335, for each NP C is achieved via CAN at a rate of 1 Mb/s. The information exchanged between the DSPs is the terminal bus voltages V NPC1 and V NPC2 , and the output currents I NPC1 and I NPC2 . The data acquisition and control system activation commands via CAN using the computer is implemented through the Kvaser Leaf Light v2. The three-level active rectifier (NPC) with the control algorithm instantiated in the d-q frame [40] is shown in Fig. 10 . The system parameters for the dc microgrid are listed in Table I .
B. Distributed Controllers Design
1) Power Controller Design:
The open-loop relationship in (17) between the change in the output power ΔP i and the i (i = 1, 2) has a crossover frequency of ω 0c = 116.6 rad/s. The criterion is to have the system response as approximately fast as the openloop system in the closed-loop design. Thus, the crossover frequency for the controller design is selected as ω Pc = 100 rad/s. The phase margin is chosen as ϕ = 70
• to ensure that the closedloop system is stable under disturbances or uncertainties. Based on the frequency response [see Fig. 11(a) ] with the specified criteria, the desired power PI controllers' parameters for the NPC are K pP = 0.001 and K iP = 0.130.
2) Bus Voltage Controller Design:
The bus voltage control, which is the outer loop of the power control loop, has a slower transient in comparison to the power control. In cascade control, the bandwidth of the outer loop is selected as ten times approximately smaller than the one of the inner loop. Thus, the bus voltage control crossover frequency is selected as ω Vc = 0.1 ω Pc = 10 rad/s. The phase margin is chosen as ϕ = 70
• to ensure system stability. Based on the small-signal model in (19) , the relationship between the terminal bus voltage deviations ΔV gi and the change in the input power reference ΔP * Vgi (i = 1, 2) is depicted in Fig. 11(b) . The desired parameters for the bus voltage PI controllers' for the NPC are derived as K pV = 142.9 and K iV = 563.8. 
C. Stability Analysis
There are possible changes in system structure, which result in system's parameters changes (cable impedance changes). These changes possibly destabilize the system with designed control parameters. Thus, it is necessary to verify the benefit of the proposed technique in cases, where there are variations in the cable impedances of the system. To analyze the stability effect, root-locus is utilized for developed small-signal models in (17) and (19) with their designed control parameters. In this analysis, cable impedance variation in one of the two voltage sources (first voltage source) is taken into account.
The case assumes that there are changes in cable impedance, but the R 1 /L 1 ratio is assumed to be fixed as R 1 / L 1 = 0.5/0.003. Consider that the maximum voltage regulation ratio between the sending end at the source terminal and the receiving end at the load bus terminal is 5% at 10 A rated current supplying from the source. Therefore, the maximum resistance R 1max can be changed as R 1max = 0.05 × V gn /10 = 2 Ω. Suppose that different scenarios result in the cable resistance changes in the first converter as R 1 varies between 0.1 Ω and 2 Ω. These changes result in the change of cable inductance L 1 as it varies from 0.6 to 12 mH because the R 1 /L 1 ratio is assumed to be fixed. These changes were applied to plot the root locus of the models shown in (17) and (19) .
As seen in Fig. 12 , as the impedance increases, the pole P P 3 moves toward the imaginary axis, and it becomes more dominant than the poles P P 1 and P P 2 . The movement of P P 3 , which is terminated at the value of −13.65, illustrated that the designed control ensures the stability of the power control loop in the range of impedance changes. In bus voltage regulation, Fig. 13 shows that the two dominant poles P V 1 and P V 2 move toward the imaginary axis but they terminate at P V 1 = 1.04 + 2.65i and P V 2 = 1.04 − 2.65i. The poles movement within the left half plane of the imaginary axis demonstrated that the bus voltage control is stable. Thus, the proposed method is stable and robust to the cable impedance changes or the changes in network structure of the system.
D. Experimental Results and Analysis
The expected results of the experiments are as follows: 1) 2:1 current sharing ratio between NP C 1 and NP C 2 ; and 2) 400 V bus voltage operation. The efficacy of the proposed control methodology is demonstrated via test cases, which all utilize the constant-power load profile, shown in Fig. 14 . The solid red line represents the total load while the blue dash and solid yellow lines represent two distributed loads (NHR9200 and BK Precision).
The test cases conducted for comparisons between the conventional method and the proposed method are as follows: The first case utilizes the proposed control method, and the results for the terminal voltages V NPC1 , V NPC2 , and the current sharing between converters I NPC1 , I NPC2 is illustrated in Fig. 15 . To observe and analyze the mutual effect of the voltage and current controllers under the conventional control method, two other test cases utilizing the conventional method are constructed. The first test case employed the conventional control architecture with the low gains in the bus voltage controller, which are selected as K pV = 0.2, and K iV = 1; to verify that the current sharing control is not affected by the bus voltage controllers with low gains. The results of this case are presented in Fig. 16 . The second test case makes use of the conventional control scheme with high bus voltage controller gains, which are chosen as K pV = 1, and K iV = 20; and results are shown in Fig. 17 . This test case illustrates the improvement in the voltage control while simultaneously demonstrating the degradation in the current sharing in the conventional control's performance. Note that there are 100 V/major division and 5 A/major division in all the scope plots, which were recorded using a Yokagama DL850.
The experimental data are analyzed for the comparison between the proposed method and the conventional method in order to investigate the system's behavior during the power management control activation, and load increment. Since there is high frequency noise in current measurement probe, the current data are passed through a low-pass filter in MATLAB to analyzing the transient improvement of the proposed method.
The results from the proposed method and the conventional method with low gains in the bus voltage controllers are compared through Figs and conventional method, respectively. These figures indicate that the low gains in the bus voltage controller in the conventional method give a comparable current response with the proposed method, because the low gains in the voltage control have only a small impact on the current control. However, the low gains of bus voltage controllers also result in a slower bus voltage transient response in comparison to the proposed method. Specifically, in the case of the power management control activation at t = 5 s, the proposed method takes 0.25 s to reach to nominal voltage value, while the conventional method takes 3.0 s to reach to the nominal voltage value. In the event of a total load increment from 0 to 4 kW at t = 20 s, the proposed method takes 0.4 s to restore the bus voltage, while the conventional method takes 3 s to do the same task.
As seen, the low gains in the bus voltage control of the conventional method have less effect in the current sharing control but cause a slower bus voltage restoration. [see Fig. 21(a) ]. Therefore, the improvement in the bus voltage controller of the conventional method by increasing the gains also simultaneously degrades the performance of the current sharing control. Comparatively, the proposed method enhances the current sharing control.
To quantify the effectiveness of the proposed method, the integral of time and absolute error (ITAE) criterion is utilized for bus voltage and current sharing control assessment. The bus voltage control and current sharing control are assessed by IT AE V (20) , and IT AE I (21), respectively
IT AE I = Table II illustrates that there is a tradeoff between the current and voltage control in the conventional method, in which the enhanced voltage response decreases the performance of the current sharing response and in contrast, that an improved current response degrades the bus voltage response. The improvement of the proposed methodology is illustrated via the reduction in the ITAE. Consequently, the qualitative assessments through Figs. 18 -21 and the quantitative analysis using ITAE shown in Table II demonstrate that the proposed control method improves both current sharing and bus voltage stability of the dc microgrid simultaneously.
VI. CONCLUSION
This paper addressed the transient response of the conventional power management control from the viewpoint of the tradeoff between secondary voltage and current controller performance. The response was enhanced by employing an alternative power management methodology derived from the small-signal model of the dc microgrid. The controllers' design procedure, based on the analysis in the frequency domain, was conducted for the specified phase margins and crossover frequencies of the power and bus voltage control systems. An extended stability study for variation in distribution cable impedances was conducted to verify the robustness of the proposed control algorithm. The experimental data and comparative study confirmed the improvement in transient performance in the current sharing and bus voltage stability simultaneously when utilizing the proposed power management control.
